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This thesis records the results of an investigation designed to 
obtain a better understanding of the processes involved in the fracture 
of cement and concrete.
To this end two approaches have been taken. Firstly the character­
istics of the fracture process have been studied using mechanical testing 
methods. Secondly, attempts have been made to develop techniques for 
studying in a realistic way the microstructure of hardened cement paste 
and its relation to the fracture process*■ The investigation was initially 
restricted to hardened cement paste to reduce somewhat the complexity, 
and the effect of aggregate addition was studied briefly in the later stages.
Specimens containing cut in slits were tested to failure in flexure 
and direct tension, and the results analysed in terms of various models 
of fracture. A fracture mechanics approach showed the measured fracture 
toughness to vary with specimen size and this variation together with 
the relative notch insensitivity of the material suggested the existence 
of a region in the vicinity of the slit tip, in which the material did 
not behave in an ideal linear elastic manner and it was hoped that the 
microstructural investigation would shed further light on the fracture 
processes.
The standard methods employed in an attempt to detect changes taking 
place in the microstructure under stress, ranged from simple visual 
observation to high resolution electron microscopy. However, normal 
optical microscopy shows up no changes in the microstructure prior to 
complete failure, and the specimen preparation techniques necessary for 
electron microscopy introduce large drying out stresses which make inter­
pretation of the results difficult. A new diffuse illumination optical 
microscopy technique was developed which enables a specimen to be studied in 
a controlled environment and this technique has shown for the first time 
that stable micro-cracks occur in stressed samples of hardened cement 
paste prior to complete failure.
Finally an attempt is made to explain the mechanical testing and 
microstructural"observations by means of a ’tied crack* model.
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CHAPTER 1 INTRODUCTION
Concrete is an extremely cheap readily available material with many
desirable properties. One very undesirable property is its low tensile
2
strength, normally around 5 MN/m which compares very poorly with materials
2
like steel (tensile strength * 1,000 MN/m ). Even relatively weak 
materials such as wood have tensile strengths in the region of 100 MN/m . 
Since experience with other materials (e.g. steel and glass) has shown 
that a good understanding of the processes involved in the failure can 
often suggest means by which the strength can be significantly increased, 
’’the failure of concrete in tension” was considered a worthwhile subject 
for investigation.
Until recently little has been known concerning the structure and 
behaviour of concrete, and most of the improvements in its properties 
have been the result of pure trial and error. Only in the last three 
decades have technologists focussed their attention on its internal 
structure. These investigations have ironically shown that one of 
man’s oldest and most widely accepted materials is also one of the most 
variable and complex.
Concrete is a mixture of naturally occurring gravels or crushed 
rock particles called aggregates bonded together by some form of cement.
The cheapest and most widely used cements, the Portland Cements, are 
manufactured by heating together, in a rotary kiln, a mixture of chalk 
and c l a y ^ \  At a temperature of about 1450°C a series of reactions and 
partial melting occur. Various calcium compounds, notably CagSiOg, are 
formed which on cooling clinker together. Portland cement is produced 
when this clinker together with a small percentage of gypsum is ground 
to a fine powder (particle size 1 - lOOp).
When this dry cement powder is mixed with water, a cement paste 
is formed. A relatively slow chemical reaction or hydration occurs 
between the cement and the water resulting in the formation of new
compounds which bind the aggregates together into a coherent solid mass.
The cement paste remains in a plastic or fresh state for up to about 
four hours enabling the concrete to be moulded and compacted into the 
desired shape. As the hydration process continues, the cement paste 
and concrete subsequently stiffen into the final hardened state.
Despite concrete’s extensive use, the reactions by which cement 
hydrates and hardens, the morphology of the hardened cement compounds 
and the banding action holding these compounds together are still 
relatively poorly understood and remain subjects for conjecture.
Partly as a consequence of this lack of knowledge concerning the micro­
structure, the mechanisms of failure and the factors limiting the strength 
are also still far from understood.
It appeared plausible that concrete’s strength might be limited 
by inherent flaws (cracks or even the aggregate particles). Glass, for 
instance, is potentially a strong material but its strength is normally
(2
greatly reduced by the presence of flaws in the form of surface scratches 
Since, in the literature, there appeared to have been very little 
systematic study made of the effect of flaws on the strength of concrete, 
it seemed appropriate to investigate the strength reducing effect of 
artificially introduced flaws and thereby predict the strength which it 
might be possible to achieve by producing flaw free specimens. In an 
attempt to reduce somewhat the complexity of this investigation, it was 
initially restricted to hardened cement paste with the intention that 
once the behaviour of this simpler system was more fully understood, 
then the work could be extended to include the effect of aggregates.
The following chapters record this and subsequent investigations. 
Chapter 2 is a review of the relevant literature. The experimental 
techniques are described in Chapter 3 and the results obtained are 
reported and discussed in Chapter Chapter 5 discusses various models 
for failure and the conclusions are briefly summarised in Chapter 6 .
CHAPTER 2 LITERATURE REVIEW
2.1 The setting and hardening of Portland cement
The usefulness of Portland cement is its property of forming when
mixed with water a coherent mass which in the course of time becomes
hard and mechanically resistant. The process by which cement sets and
hardens is extremely complex. This complexity arises not only from the
presence of several different compounds all of which undergo hydration
but also from the physical nature of their hydration products. Various
theories have been advanced to explain the hardening of cements. The
first and oldest of these is the crystalline theory put forward in 1882
by Le Chatelier'* which ascribes the development of cementing action to
the passage of the anhydrous cement compounds into solution followed by
the precipitation of the hydration products as interlocking crystals.
(4)In the colloidal theory, first put forward by W. Michaelis Sr in 
1893 cohesion was considered to result from the precipitation of a 
coloidal gelatinous mass which hardened as it lost water by external 
drying or by inner suction caused by further hydration of the inner 
unhydrated cores. In the intervening years, subsequent investigators
(5)
have combined modified and extended these two theories in an attempt to 
explain the various stages through which cement passes as it sets and 
hardens. However, no fundamentally new theories have been advanced and 
since there exists very little direct experimental evidence, the subject 
remains a matter for conjecture.
2.2 The chemistry and morphology of the hardened cement compounds
( 6 )
The chemical composition of unhydrated cement is accurately known 
It contains four major phases: C^S, C2S, C^A and C^AF*. Of these the 
CgS is the most important. It constitutes about 50% of the cement and 
is responsible for most of the early strength development. The chemical 
composition after the addition of water is less certain. The principal
* Cement chemist’s notation - C = CaO, S = SiO^, A = Al^Og, F = fe^O
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products of hydration are calcium hydroxide and various calcium silicate
hydrates. The exact composition of the calcium silicate hydrates is
not accurately known and appears to vary depending on the conditions under
which the cement hydrates. X-ray diffraction studies suggest that these
calcium silicate hydrates are in many ways similar to the mineral
Tobermorite, Ca,.(Sig01 8H2).4 H20 , and they are commonly referred to
(7 )
simply as tobermorite gel . It seems probable that hardened cement
paste consists of a mixture of this gel, unhydrated cement particles and
water, with pieces of crystalline calcium hydroxide scattered throughout
the mass. The one undisputed piece of experimental evidence concerning
the nature of hardened cement paste is that it has a very high surface
6 2area of the order of 10 cm /g, which must imply that microstructurally
(8)it is composed of a very large number of extremely small particles
Estimates from surface area measurements and transmission electron
microscopy suggest that the gel particles might be platelets with a
characteristic size about 40 8 x 400 8 x 12,000 8 (8).
It appears probable that the major bonds holding these particles
(9)together are of the Van der Waals type . In the case of clay, which is 
another material held together by Van der Waals bonds, penetrating water 
can disperse the particles. This does not happen when cement paste is 
wetted and it is concluded that there must also be some chemical (ionic or 
covalent) bonds between the gel particles. However, much of the behaviour 
of the gel (shrinking and swelling with changes in moisture, for instance) 
indicates that the bonds are primarily Van der Waals and that there are 
just enough chemical bonds to maintain stability during water penetration.
The aggregate is commonly considered to be inert in the sense that 
it undergoes no chemical or physical change during the hydration process. 
It is normally stiffer and stronger than the hydrated cement. Therefore 
as a first approximation concrete may be thought of as consisting of 
strong inert particles bonded together by a hardened cement paste whose 
exact composition is not fully understood.
2.3 The failure of concrete under stress
Consider now, how such a material fails under the action of an
externally applied force. To date, most investigations into the
failure of concrete have involved compressive loading. Compressive loading
is preferred for two reasons, firstly concrete is mostly used to resist
compressive loads and so it is its compressive strength which the
designer requires to know, and secondly the results of direct tensile
tests have tended to be unreproducible. The following description of
the failure mode in compression would appear to be generally agreed.
Initially cracks exist in the concrete even before it is subjected to any
external load^^. These cracks are normally bond cracks at the
aggregate paste interface. At loads below about 30% of the ultimate
load the increase in the bond cracks is negligible and the stress-strain
curve is linear(H). As }.oad is increased further the bond cracks
increase in length, width and number, and the stress-strain curve begins
to depart appreciably from a straight line. At about 70% of the ultimate
load, the number of cracks through the cement paste matrix begins to
increase appreciably and by bridging between the bond cracks they begin to
form continuous crack patterns. When a continuous crack pattern has
developed extensively, the load carrying capacity of the concrete decreases
and the stress-strain curve begins to descend. The failure of concrete
(12)
in compression is much influenced by the method of testing and it 
seems likely that it occurs under the action of secondary induced tensile 
forces. The compressive strength may well be determined by the tensile 
strength^^.
In the present study we are interested in how the material fails 
under simple tensile stresses, a subject which has been little investigated. 
It seems probable that this also involves the growth and coalescence of 
cracks, and interest must centre on the stresses required for the 
initiation and growth of cracks in the material. In order to reduce
6.
somewhat the complexity of the investigation, it was decided to initially 
concentrate on hardened cement paste, with the intention that once this 
simpler system was more fully understood, then the work could be 
extended to the effect of aggregates.
2.4 Linear elastic fracture mechanics
In general the measured tensile strength of materials is one or two 
orders of magnitude below the strength theoretically estimated. This 
discrepancy between the theoretical and observed strength is normally 
attributed to the stress concentration caused by flaws in the material. 
Materials are not physically perfect, structural imperfections arise 
either as a result of the nature of the material as in crystal defects, 
or as a result of mechanical handling or fabrication procedures, for 
example, cracks and scratches. These imperfections locally affect the 
stress distribution in the body and result in the low observed strength.
Thus the measured tensile strength is determined by the material 
properties and by the imperfections present in the specimen tested.
It is possible to calculate the reduction in strength which will 
be produced by a flaw of given size in a homogeneous linear elastic body. 
For real materials which are inhomogeneous and behave in a non-elastic 
manner at the high stresses induced close to the flaw tip, calculation 
of the strength reduction is difficult. Most approaches to this problem 
start by assuming the material to be homogeneous and elastic and then 
attempt to 1adapt* the solution to allow for the inhomogeneity and non­
elastic behaviour.
The influence of flaws on the strength of a homogeneous material
(2)was first treated by Griffith using an available stress analysis
(14)developed by Inglis . Griffith assumed that a line crack of length 
2c existed in an infinite plate. Two contributions to the energy of the 
system were considered: the elastic strain energy of the system, and the 
surface energy. The former arose from the work done on the system by
the applied forces, while the latter arose from the energy required
for the formation of the fracture surfaces as the original defect increased
in size. Both contributions were functions of the defectfs size.
Griffith postulated that the crack would increase in length when the 
strain energy released as the crack grew was greater or equal to the 
energy required to form the new surfaces. Applying this criterion the 
critical stress for failure was found to be
for materials where plastic flow precedes failure, unstable crack 
propagation can occur if the zone of plastic strain is localised near the 
boundaries of the crack. The Griffith theory should then be modified to 
take into account the dissipation of strain energy in plastic flow, and 
the surface energy term should include all contributions to the energy 
dissipated as the crack advances, including those which are not related 
directly to that required for the formation of new surface area. The 
above equation then becomes:
(1)
where a = applied stress
Y = specific surface energy
E = modulus of Elasticity
2c = crack length
The Griffith theory has been modified and extended to allow for 
non-elastic behaviour. Irwin^15  ^and Orowan^6  ^have suggested that
2E(y+W )
. (2)
/  TTC
in which is the work involved in plastic deformation.
(17)Irwin adopted a related but somewhat different approach to 
the flaw hypothesis. He considered the stress field in the immediate
vicinity of the tip of the flaw, regarding the flaw as a line crack of 
zero thickness as in the Inglis model. Using the coordinate system 
shown in Fig.l, it can be shown that, at points close to the tip of the
Fig.l.
flaw (r < < c), the stresses due to a general crack and loading system 
can be expressed as
K 6 , n . 0 . 36.
a = --- n cos tt ( 1 - s m  ■=• s m  -75-)
(2irr)2
a = K n 0 ® • 3 6 .
y (2irr)2 cos 2 ( Sin 2 Sin ~2 * ?
K 6 . 0  30
t = --- i cos x  s m  tt cos -5-
(2 W )i 2 2 2
..... (3)
1
K which has the dimensions of stress x (length)2 is defined as the
stress intensity factor and its explicit value depends on the geometry and
location of the crack, the size of the cracked body, the manner in which
the external load is applied and the magnitude of the external load. It
is, however, independent of both r and 0 and thus in any cracked stressed
body, the stress field around the crack tip can be characterised by one
(18)single parameter K . Failure occurs when K increases to a critical 
value Kc and for a homogeneous elastic material this value is a material
9.
constant commonly known as the fracture toughness. For the case 
considered by Griffith of a crack in an infinite body
1
K = a(7rc)2
and the failure criterion becomes 
x
Kc = a(irc)2
which is equivalent to the Griffith criterion (equation 1) with 
Kc = (2EY)^
The stress intensity approach “allows v for the effects of
inhomogeneity and non-linear elastic behaviour by assuming that if both
the scale of inhomogeneity and the highly stressed zone around the crack
tip, in which the material behaves non-elastically, are small in
comparison with the crack and specimen dimensions, then the stress field
in the specimen will not be significantly altered i.e. it will still be
possible to characterise this field in terms of K. Thus failure should
still occur at a critical value of K.
The mathematical model chosen to describe the event of fracture
therefore ignores to some extent the inhomogeneity and non-elastic behaviour
exhibited by real materials, which must cause some error in the prediction
of the event in question. However, if the scale of inhomogeneity and the
extent of non-elastic behaviour are small compared with the specimen
and flaw sizes, the foregoing approach will be a good approximation.
Primarily because of the straightforwardness of the fracture
assumption and the ability to ignore the little understood surface energy
and plastic work phenomena accompanying fracture development, the stress
(19)intensity approach is now preferred to the energy approach
2.5 Fracture mechanics applied to concrete
The first application of linear-elastic fracture mechanics to
publications dealing with this subject have appeared. The salient points 
from these publications are briefly reviewed below.
to failure in flexure with three different notch to overall depth ratios. 
He found the measured fracture toughness to be independent of the 
notch to overall depth ratio but to vary with the size of the specimen. 
This variation he attributed to slow crack growth. In spite of this 
variation he concluded that linear-elastic fracture mechanics was 
applicable to concrete. However, in their discussion of this paper 
Blakey and Beresford observed that the failure stress based on the net 
section was consistent with the expected modulus of rupture for the 
concrete thus casting doubt on the fracture mechanics approach.
a central slot in direct tension. They found that the measured fracture 
toughness varied with the slot length. In spite of the wide scatter in 
their experimental points they proceeded to extrapolate their results to 
estimate the fracture toughness for very small crack sizes and thereby 
deduced that the low tensile strength of concrete is not inherent to the 
material but due to the presence of flaws.
Lott and Kesler (1966)P2^and Nauss and Lott (1969)^23^assumed that 
fracture mechanics was applicable to the material and tested notched 
flexural beams of paste, mortar and concrete. They varied the water: 
cement ratio, sand content, large aggregate content and curing time, and
report on how these variations affect the measured fracture toughness.
(2U)
Moavenzadeh and Kuguel (1969) state that “the results of 
Kaplan have shown fracture mechanics to be applicable to concrete”.
For notched specimens of hardened cement paste, mortar and concrete 
broken in flexure they evaluated two parameters, firstly the fracture 
toughness, calculated from the failure load and the specimen dimensions
concrete was reported in 1961 by Kaplan 2^0\ Since then about a dozen
Kaplan^2^  tested two different sizes of notched concrete beams
Rompualdi and Batson
(21)
(1963) tested concrete plates containing
(the stress intensity approach) and secondly the work of fracture, 
calculated from the work required to fracture the specimens and the 
fracture area (the Griffith approach). They conclude that the 
fracture work of the paste increases by the introduction of solid 
particles. This they attribute to the multiplicity of crack growth 
i.e. side cracking in the mortars and concrete. This side cracking 
is also used to explain the differences between the work of fracture
calculated by the two methods.
(25)Kessler, Nauss and Lott used a different form of specimen, a 
plate containing a hole from which two symmetrical slits emanated.
This plate was loaded by two loops passing through the hole which were 
pulled apart. They found that even with an attempt to correct for slow 
crack growth by means of a constant addition to the original crack length, 
the measured fracture toughness varied with specimen size for cement 
pastes, mortars and concretes. They conclude that "the concepts of 
linear-elastic fracture mechanics are not applicable to concrete materials’ 
However, their analysis of the experimental results is slightly dubious. 
With this specimen geometry in an ideal material, the load required to 
propagate the crack increases as the crack grows and this was not 
appreciated by these investigators who assumed that the maximum load
corresponded to the onset of crack growth.
( 26 )
Walsh (1972) tested various sizes of notched concrete beams 
in flexure. He concluded that fracture mechanics is only applicable if 
the specimen is large enough and claims that for concrete flexural tests 
the minimum depth of beam is indicated by tests to be about nine inches 
and that for small beams the stress concentration effect can be negligible 
and failure loads are consistent with the modulus of rupture of the net 
section.
(27)Brown (1972) used two methods, a notched flexural beam and a 
double cantilever beam. As an added refinement he deduced the crack 
length from the compliance of the specimen rather than by direct
12.
measurement in an attempt to allow for slow crack growth. He found
that the two methods gave different values of fracture toughness for
pastes and mortars. He suggests that the difference in values for the
pastes might be due to the use of different batches of cement but cannot
simply account for the difference in the case of mortars. He then suggests
that "whilst either technique may be suitable for comparative measurements
on cement pastes and mortars, the values in absolute terms are not
directly comparable". He also found the measured fracture toughness
to be dependent on the crack propagation speed.
It appears improbable that linear-elastic fracture mechanics,
a theory which has been developed assuming a homogeneous linear-elastic
material, can be applied to the case of small cracks in concrete, a
material which is inhomogeneous and discontinuous on a relatively large
scale, though it might conceivably apply to hardened cement paste, a
material with a scale of inhomogeneity two orders of magnitude smaller.
In the literature, this question of its applicability both to concrete
and cement paste is still a matter of controversy and at the present
(28)
time (1976) papers are still appearing whose authors claim to be 
measuring a material constant, the fracture toughness of concrete, while 
others claim that the value measured is very much a function of specimen 
dimensions.
There is a definite need for a careful and comprehensive investigation
to finally resolve this controversy and discover whether the normally
measured fracture toughness is in fact a material constant.
2.6 Microscopic structure of set Portland cement
The early investigators of the microscopic structure of cements
employed powdered samples of the set material which were examined micro-
(29)scopically with transmitted light . In a powdered set cement, calcium 
hydroxide crystals can be detected and occasionally calcium sulpho- 
aluminate, but the remaining hydrated material cannot be differentiated.
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Staining tests have been found of some value in improving the contrast 
between hydrated and unhydrated materials. Perhaps the most useful is 
Hnapthol green stains all the hydrated lime compounds green
except for the larger crystals of calcium hydroxide. Alternatively, 
etching agents have been used such as a 1 per cent solution of borax in 
water or dilute nitric acid in alcohol. The former attacks calcium 
hydroxide crystals and unhydrated CgS, and the latter unhydrated C^S 
as well(31\
Various authors have examined thin sections^30  ^ and, using reflected 
( 32 )
light, polished surfaces . In these specimens only three main
constituents can normally be observed, unhydrated grains, calcium
hydroxide crystals and the gel groundmass of hydrated products. The
gel tends to occupy the whole of the space, apart from the calcium
hydroxide, between the original cement grains, whatever the original
water:cement ratio, indicating that its porosity must vary correspondingly.
It is possible by very careful polishing to prepare thin sections less than
5y thick and in these the reaction rims round the clinker grains can be 
(32)seen. Brownmiller noted that many of the cement particles were 
composite and that hydration proceeded by a gradual penetration into the 
particle from the surface. Except at, or near, the surface, therefore, 
the hydration of the coarser particles may not be very selective even 
though the hydration rates of the various compounds composing it, differ.
A content of 10-15 per cent of calcium hydroxide crystals was observed 
after 28 days.
Further valuable evidence has come from studies with the electron 
microscope though there are difficulties in interpretation. In order to 
resolve the structure of a powdered material in the electron microscope, 
it is necessary to choose a particle size such that the thickest particles 
are just penetrated by the electron beam and at the same time to maintain 
such a degree of dispersion that the ultimate particles are separated one 
from the other. With a material such as set cement this is difficult, and
1*K
further* the th5.n dispersion of fine material is so rapidly affected by 
atmospheric carbon dioxide that what is frequently obtained is a mass 
of calcium carbonate retaining some of the details of the original 
structure. Further difficulties arise from the dehydration of hydrates 
in the high vacuum of the electron microscope and under the actual 
bombardment by the electron beam. It is also important when possible 
to check the identity of the particles actually being photographed by 
obtaining their electron diffraction pattern at the same time. When 
all these factors are considered it is not surprising that there has 
been some disagreement between workers in this field as to the inter­
pretation of results.
( 33)The earliest studies on cement compounds were reported by Eitel
in 19H1. He obtained electron micrographs showing the formation from
tricalcium aluminate of hexagonal plates up to about a micron in length
and O.ly in thickness. Knowledge of the morphology of the hydrated silicate
(3*+)was much advanced by the work of Grudemo in Sweden. Grudemo studied 
by electron microscopy and diffraction and X-ray diffraction, artificial 
preparations of calcium silicate hydrate obtained by the hydration of 
tricalcium silicate, sometimes with ultrasonic treatment to accelerate 
hydration, and by the reaction of lime and silica gel.
The samples prepared from lime and silica gel contained particles 
which consisted of very thin flexible flakes or foils sometimes 
distorted and rolled at the edges, possibly owing to partial dehydration 
in the vacuum of the electron microscope. The thinnest flakes were 
probably of single crystal thickness (about 10 8 ) and others were composed 
of stacks of superimposed single crystals up to perhaps ten units. The 
X-ray evidence also suggested that the crystallites have dimensions of the 
order 50-200 8 . In saturated lime solutions, the growth of fibrous or 
needle-like crystals seemed to be promoted and may have been caused by 
a degeneration of the sheets into lath-like structures and by twisting
15.
and rolling of the crystal sheets.
The hydrate prepared by hydration of tricalcium silicate
gave another characteristic type of electron micrograph showing bundles
of rod like particles. Under certain conditions these rod like particles
could be observed growing outwards from the original tricalcium silicate
as a mass of fibres.
Further work has provided general confirmation of Grudemo's
observations and similar particles have been observed in preparations
(35)made from Portland cement
Thd development in recent years of the scanning electron microscope
with its greater depth of focus promises to shed further light on the
morphology of the hydrated cement compounds. The first observations by a
scanning electron microscope on hydrated Portland cement made by
( 36 )
Chatterji and Jeffery in 1966 showed that the hydration products
consist of hexagonal crystals of calcium hydroxide and needles of calcium
silicate hydrate. Several recent investigations have been made since to
(3 7)
study the detailed morphology and microstructure of the hydrates
At early ages the individual cement grains become covered with a network
of intertwining fibres. These fibres can be several microns long with a
diameter of about 1,000 8 . As the hydration time progresses the density
of these fibres increases. In addition after hydration periods of six
days, very well defined flat hexagonal platelets begin to form. These
platelets are probably mainly calcium hydroxide though there has been some
( 38)controversy concerning their exact composition . After long hydration 
times, particularly with low water cement ratio specimens, it is difficult 
to pick out distinctive morphological features and the material appears 
as a relatively dense mottled structure. This is presumably due to the 
fact that after long hydration times, the fibre density within the gel 
is so great that they cannot be individually resolved.
Thus it appears probable that the ultimate particles in set 
cement have an ordered crystalline structure, but their dimensions of the
order of 100 8 are similar to those of the colloidal particles that make 
up such well known gels as silica and gelatine. The surface area of the 
set mass is thus very large and it is this which determines many of its 
physical properties. We can regard the older rival views of Le Chatelier 
and Michaelis as each representing one facet of the properties of set 
cement, the former stressing its crystalline nature and the latter its 
high surface area.
17.
CHAPTER 3 EXPERIMENTAL
3.1 Material Preparation
A single large batch of Ordinary Portland Cement was set aside 
for the preparation of samples. To minimise the changes which occur on 
exposure to the atmosphere, the batch was broken down into small 
quantities and stored in sealed containers.
Hardened cement paste is formed when cement and water are mixed 
together, react and harden. Mixes which contain too much water are subject 
to bleeding, i.e. water appears at the surface, while those containing 
insufficient water are unworkable and are full of entrapped air which 
cannot be removed by normal means. A suitable ratio of cement to water 
was found to be 0.3:1 by weight and this was adopted as a standard ratio 
i.e. most of the samples were prepared with this ratio.
Measured quantities of the cement and distilled water were 
thoroughly mixed by kneading them together by hand in a plastic bag.
This apparently crude method proved superior to mechanical mixing, since 
any lumps due to a localised shortage of water could be felt and worked 
out. After kneading, the mixture, still in the bag, was placed on a 
vibrating table for one minute. Vibration lowers the effective viscosity 
of the mixture allowing entrained air to escape. The cement paste was then 
transferred to a mould, designed to produce four blocks approximately 
15 cms x 5 cms x 2.5 cms and was vibrated for a further 30 secs. This 
mould was immediately covered and placed in a fog room which maintained a 
temperature of 20°C and theoretically 100% relative humidity. After one 
day the specimens were demoulded and left in the fog room till just prior 
to test.
Various deviations from this standard procedure were adopted in 
special cases and are discussed later. E.g. it was found that the air 
content of the mix could be reduced by carrying out the vibration under 
vacuum. This was achieved by placing the mould in an air-tight box
18*
attached to a vacuum pump and vibrating for one minute with the pump 
running. This short period at reduced pressure did not remove any 
significant amount of water from the mix. Several samples were prepared 
in this manner and contained significantly smaller and less numerous air 
bubbles than normal.
Mortar specimens were produced by thoroughly mixing aggregate with 
the anhydrous cement powder prior to the addition of water and then 
following the standard procedure. Sand which had been carefully sized I by 
sieving was used as aggregate. It was found that the addition of 
aggregate tended to increase the water-cement ratio required to achieve 
a workable mix and so the mortar specimens were prepared with a water: 
cement ratio of 0.5.
3.2 Strength Measurements
The strength of the material was measured by testing specimens to 
failure in flexure and in direct tension.
Flexural tests can be performed quickly and easily with a high 
degree of reproducibility. However, calculation of the maximum stress 
occurring at failure (i.e. the strength) normally assumes the material 
to behave in a perfectly linear-elastic manner and if this criterion is 
not met, the computed strength is in error. Computation of the strength 
from direct tensile tests is not affected by the stress-strain relationship 
and is analytically more satisfactory. However as will become clear later, 
it is in practice very difficult to perform a direct tensile test without 
introducing substantial extraneous bending stresses.
Therefore the vast majority of the testing was performed in flexure 
and a limited number of carefully performed tensile tests were used to 
check the validity of the results.
3*2.1 Flexural Tests
Specimens nominally 9 cms long by l.ty cms deep by 2.5 cms wide 
were cut from the blocks of hardened cement paste using a diamond impregnated
19.
saw. They were tested in three point bending (see Fig.2.). To compensate
for any lack of parallelism in the specimens, the bottom two rollers of
the testing rig were free to rotate slightly in a vertical plane through
their axes. These rollers whose spacing was 7 cms were also free to roll
since it was found that restraining them increased the failure load slightly
(^10%). The specimens were tested to failure in an 'Instron1 testing
machine at a cross-head speed of 0.05 cms/min.
Specimens of hardened cement paste are surprisingly sensitive to
exposure to the laboratory atmosphere, with less than one minuted
(39 )exposure producing strength reductions of as much as 50% . This
strength reduction is due to the drying out stresses which are induced as 
water is lost from the surface of the specimen. To avoid these stresses, 
the testing rig and specimen were immersed in water during testing and 
great care was taken to keep the specimens completely wet at all times 
e.g. the cutting operations were carried out under a copious flow of water.
Most of the specimens tested contained a slit in the centre of 
the tensile face (see Fig.3.). Subsequent to a preliminary set of 
experiments when the effect of varying the slit width and shape was 
investigated, these slits were cut with a thin (0.015 cms thickness) 
diamond impregnated blade which produced a slit approximately 0.03 cms wide. 
The variation in failure load with
(1) slit depth
(2) water-cement ratio
(3) specimen age
W rate of application of load
(5) specimen size
(6) the presence of aggregate
was investigated.
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3.2.2 Tensile Testing
The direct tension or pull test is analytically the simplest of 
the available tensile tests. However9 in practice it is among the most 
difficult to conduct satisfactorily^*^. The most widely recognised 
problem is eccentric loading. The desired uniform tensile stress is 
obtained only if the resultant applied force passes through the elastic 
centroid of each cross-section. If this condition is not met, bending 
will result.
For linear elastic materials, the net stress at any perpendicular 
distance x from the neutral axis is given by
where NP is the applied load, A is the cross-sectional area, e is the 
eccentricity (distance from centroid to effective line of action of load P) 
and I is the cross-sectional moment of inertia. This stress distribution 
is shown in Fig.4. The first term in brackets is the average stress, the 
second term is the stress due to bending. The maximum stress occurs on the 
surface and for a rectangular specimen of thickness t:
a = y  (i + ~  )
max A  ^ t ;
Therefore, if the reported strength of the body is based on the average 
stress at fracture (as is almost always the case) the actual maximum stress 
developed will be higher than the reported strength by a factor
max _ . | 6e
a t
ave
Thus small eccentricities will cause a large error in the measured strength 
e.g. an eccentricity of only 0.05 cm in a specimen 1.0 cms thick will
FIGURE U-
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FIGURE 5 . SOURCES OF ECCENTRICITY
result in an error of 30%.
Eccentricity can result from faults in the loading system and 
specimen geometry and from non-uniform specimen properties. Some of 
these sources are illustrated in Fig.5. Two types of off-centre loading 
are shown. In Fig.5a. the eccentricity is constant over the length of 
the specimen. A more general condition is shown in Fig.5b, where the 
eccentricity varies over the length of the specimen. This loading will tend 
to result in a failure near the end with the greatest eccentricity. 
Eccentricity monitored by strain gauges located near midlength of the 
specimen will not indicate the maximum eccentricity in this case. End 
moments (Fig.5c) are another source of eccentricity. The moments, which 
can result from ?kinks1 in the load train are transmitted through the 
load train to the specimen. End moments tends to be reduced as the applied 
load is increased and the load train is forced to straighten.
Imperfect specimen geometry is a particularly troublesome source 
of eccentricity. In the case shown in Fig.5d. the eccentricity varies 
along the length and as depicted the maximum moment occurs at mid-length. 
There is no way of loading this specimen to eliminate bending at all 
cross-sections.
Twisting about the longitudinal axis (Fig.5e) is another potential 
source of error.
Hardened cement paste with its very low strain to failure and 
susceptibility to atmospheric exposure is one of the most difficult of 
materials on which to perform an accurate direct tensile test and one 
could easily spend several years perfecting the techniques required. In 
the present study techniques were developed which substantially reduced 
the extraneous stresses occurring, but no claim of very high accuracy is 
made.
Magnesium specimens equipped with electrical strain gauges were 
used to investigate several methods of direct tensile testing. Magnesium 
was chosen since its elastic modulus is similar to that of cement paste,
and it does not suffer from the problem of exhibiting drying out stresses 
on exposure to the laboratory atmosphere. The investigations were carried 
out at the low stresses and strains which were to be expected in testing 
cement paste since it was found that at high stresses and strains the 
deformation of the specimen tended to reduce the effects of eccentricity.
As a result of this investigation it was decided to use pin loaded 
specimens Fig.6. Here the two sides parallel to the pins were equally 
stressed provided they were accurately symmetrical about the pin holes. 
Since normally the stresses on the two sides perpendicular to the pins 
were unequal, strain gauges were attached to these sides to monitor the 
stresses. It was then possible by adjusting the position of the specimens 
in the testing rig to equalise the stresses on these two sides.
Construction of suitable strain gauges posed several problems.
The specimens had to be constantly immersed in water which meant that the 
gauges could not be glued on in the normal manner, since no glue could be 
found which was capable of sticking to a wet surface. Also the gauges had 
to be very sensitive since the strain to failure was only about .05%.
The final design is shown in Fig.7. Each gauge consisted of two 
brass plates which slid relative to each other on two steel rods. The 
plates were held together by a strip of aluminium foil against the force 
of two springs. An electrical strain gauge was bonded onto the aluminium 
foil. When the brass plates moved apart, the aluminium foil stretched and 
the strain was detected by the electrical strain gauge. Contact between 
the gauge and specimen was via two steel rods, one fixed to the bottom of 
each brass plate. This gauge was attached to an identical one on the 
opposite side of the specimen by four screws which served to clamp the 
gauges to the specimen. The gauges were waterproofed by spraying with 
’Vycoatf (a silicone waterproofing agent).
A standard Wheatstone bridge set-up (Fig.8) connected to a 
multiple pen chart-recorder monitored the strain gauges, detecting the 
change in resistance which occurred when they were strained; the voltage
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across the chart recorder being proportional to the strain.
The small strains being measured meant that changes in resistance 
in the bridge components, caused by thermal effects, produced significant 
voltages across the chart recorder. To minimise this the resistances 
R^ and were wound together by hand on the same spool and the resistance 
R3 was an electrical strain gauge identical to that on the main strain 
gauge and it was rigidly mounted, waterproofed and immersed in the 
same water tank as the specimen. These precautions sufficed to reduce 
the thermal effects to negligible proportions whereas without them large 
effects had been observed. The gauges were calibrated by attaching them 
to a magnesium specimen which had two electrical strain gauges attached 
in the normal manner. The gauges were tested up to 0.1% strain and the 
relationship between the specially constructed and the normal electrical 
strain gauges was found to be linear.
Great care was taken in preparing the hardened cement paste 
test pieces. Cement paste was moulded to the approximate shape required 
and allowed to cure for at least one month. These moulded specimens were 
then accurately prepared as follows
the two sides perpendicular to the pin holes were ground parallel 
the pin holes were reamed out perpendicular to these sides using 
a tungsten carbide drill in a vertical pedestal drilling machine 
a special rig (See Fig.9) held the specimens firmly by means of 
rods through the pin holes while the top surface was ground.
The specimen was then turned over, without altering the height of 
the grinding wheel relative to the rig and the opposite side 
was ground. This achieved symmetry about the loading holes, 
the same rig was used to ensure that any slits introduced were also 
symmetric about the loading holes.
The above operations were performed under a copious flow of water 
to prevent the specimens from drying out.
(1)
(2)
(3)
o
FIG.10
Fig.11. shows a tensile test in progress. As mentioned before 
experience with magnesium specimens had shown that, if the two sides 
parallel to the pin holes were accurately symmetrical then the stresses 
on these sides were equal, and this equality of stress was assumed.
Equality of stress on the other two sides was monitored using the 
specially constructed strain gauges and the specimen was moved along the 
loading pins until the strain gauges registered equal strain as the 
specimen was loaded. Theii since, in the region spanned by the gauges, the 
stresses on opposite sides were equal, the loading in this region was 
assumed to be pure tensile with no bending component present.
The connector shown in Fig.10 enabled the top loading train to 
rotate relative to the bottom one and hopefully avoided the introduction of 
torsional stresses.
The early specimens showed an unwelcome tendency to fail at the pin 
holes and so various forms of reinforcement were tried. The most successful 
was a U-shaped strip of perforated steel (slightly rusty to improve the 
bond) moulded in as shown in Fig.6. This increased the load which could be 
applied by about 50%.
3.3 Microscopical Observations
A knowledge of the mechanisms involved in the fracture of the material 
is desirable in order to explain the results of the mechanical testing.
The most unequivocal method of obtaining this knowledge is by direct 
observation of the fracture process. However, this proved rather difficult 
to achieve at the high resolution required. Three methods of observation 
were used, namely, transmission electron microscopy, scanning electron 
microscopy and optical microscopy.
3.3.1 Transmission electron microscopy
Several thin sections of hardened cement paste were prepared by ion 
beam bombardment and studied in the transmission electron microscope in the 
hope of providing some insight into the structure of the material. However, 
the initial results were not very encouraging and led to this line of enquiry 
being terminated.
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3*3.2 Scanning electron microscopy
Preparation of samples for scanning electron microscopy proved 
surprisingly simple. With non-metallic specimens it is normally necessary 
to evaporate a thin conducting coating on to the surface in order to 
provide a return path for the electrons, but in the case of hardened 
cement paste, although coating increased the resolution slightly it was by 
no means essential. Therefore, most of the samples (polished and fractured 
surfaces) were observed uncoated. Extraneous effects caused by the 
specimen drying out in the microscope vacuum were unfortunately inevitable 
using this method.
3.3.3 Optical microscopy
Although the potential resolving power of optical microscopy is many 
times lower than that of electron microscopy it has one great advantage 
in the present study, namely the fact that water is optically transparent. 
This transparency enables a specimen to be completely immersed in water 
during examination and so any possibility of induced drying out stresses 
is eliminated. However, even at the highest magnifications possible no 
changes in the microstructure of a stressed sample were observed prior to 
complete failure, using the normal optical microscopy techniques.
At this stage a new diffuse illumination technique was developed 
which proved more powerful than direct illumination and showed up changes 
prior to fracture. This technique depends on the fact that hardened cement 
paste is not completely opaque. When a small area of the surface is 
illuminated, there exists around the area directly illuminated a zone made 
visible by scattered or diffuse illumination. If a crack is present in 
this zone, it reflects back some of the light impinging on it and is 
detectable as a discontinuity in the intensity of the light scattered back 
to the surface. The effectiveness of this technique is shown strikingly 
in Plate 1. Plate la is an area of hardened cement paste viewed by normal 
reflected light microscopy and there is no sign of any cracking. However,
Plate la. Area of hardened cement paste
under normal optical microscopy
Plate lb. A diffuse illumination micrograph 
of the same area showing the 
presence of a crack
when the same area is viewed by the diffuse illumination technique 
described here an extensive crack is clearly visible as shown in Plate lb.
Stress was applied to the specimen by means of the testing rig 
shown in Fig.12. This consisted simply of an open waterproof box 
containing a wedge driven by a screw and could be used to load the 
specimens in two different ways
(1) wedge loading (See. Fig.13)
(2) three point bending (see Fig.14)
Both these methods had advantages and disadvantages which are discussed 
at a later stage.
In a test9 the specimen was placed in the rig and totally immersed 
in water. The water used was obtained from a tank which had been used to 
store hardened cement paste, in the hope that it would be saturated with 
the solubles from the material and so would not tend to attack the specimen 
in any way. The rig rested on the table of a standard Zeiss photomicroscop
In order to illuminate only a small area of the sample the luminous 
field aperture in the photomicroscope was closed right down. Polarised 
light with a crossed analyser was used to cut out the directly reflected 
light which in this case constituted unwanted ’noise’. The use of a
restricted aperture and polarisation meant that very little light reached
the microscope camera and long exposures (several minutes) were necessary 
even with a relatively fast film (Ilford FP4) and a bright source of 
illumination (a gas discharge lamp). A ”x 16” oil immersion lens was used 
as the objective and proved satisfactory for water immersion.
Interest must centre on the resolving power of this technique for
(42)(43)
fine microcracks. It seems probable that light passing through a
crack will not notice its presence if the width of the crack is less than 
one tenth of the wavelength of the light, which intimates that the 
theoretical lower limit to the resolution is about O.ly. Since this 
diffuse illumination technique shows up cracks which are invisible using
/(nnmmniL
Fig.12. The testing rig
LOAD
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Fig.13 Wedge loading
l
Fig. Three point bending
normal direct illumination (resolution ^ly) it might be deduced that the 
attainable practical resolution is definitely less than ly. However, 
this assumes the two surfaces of the crack to separate cleanly. If 
there is substantial bridging of particles across a crack this might well 
obscure the crack so that it is not resolved by direct illumination even 
though its effective separation is greater than ly. Thus in the absence 
of a complete understanding of the exact nature of the fracture process, 
it is not possible to estimate the *width1 of the cracks shown up by this 
diffuse illumination technique. The technique proved ineffective when 
tried on glass and polyester resin, apparently due to the absence of any 
significant zone of diffuse illumination.
In conjunction with studies of the fracture processes, attempts 
were made to detect optically visible features which might give some clue 
to the nature of the microstructure. The normal microscopical techniques 
(polarised light, phase contrast etc.) were tried together with etching 
(acid and distilled water)^0  ^and staining (0 Napthol Green
Specimens of varying water:cement ratios were also studied as they 
hydrated and hardened. These specimens were prepared by sandwiching a small 
amount of freshly mixed cement paste between a microscope slide and a 
cover slip. A seal of rapid hardening resin was applied to prevent 
evaporation of the water and the hydration of a selected area was studied 
over a period of several weeks.
CHAPTER 4 RESULTS
For convenience the various parts of the investigation are reported 
and discussed under separate headings and in the final chapter an attempt 
is made to inter-relate them in terms of a unified model of failure.
4,1 Mechanical testing of hardened cement paste
In the first experiments, beams having a fixed overall depth of
1.4 cms, but varying slit depth were broken in flexure as described in 
Section 3.2.1. Fig. 15 shows the results plotted as a graph of cr^  against 
slit depth. The nominal section stress an is the maximum stress which 
would be present if there were no stress concentration due to the slit and 
in flexure was calculated from the normal expression for modulus of rupture:
where P is the failure load and b, 1 and h are specimen dimensions
(see Fig.3). It is apparent from Fig.15 that there is a stress concentration
due to the slit i.e. the material is ’’notch sensitive”.
As discussed in Chapter 2, various investigators have claimed that 
the stress intensity approach of linear elastic fracture mechanics is 
capable of predicting the strength of hardened cement paste specimens 
containing slits. Therefore, to test this claim, the previous results were
replotted as a graph of calculated stress intensity factor at failure 
against slit depth. The stress intensity factor at failure was calculated
(where y = 1.93 - 3.07 |  + 14.53(|)2 - 25.11(|)3 + 25.8(|)4 ) and should
be constant. From the graph (Fig.15) Kc would appear to be a material constant.
from the expression
(43a)
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The variation of the apparent (i.e. calculated) stress intensity
t
factor at failure (Kc > with water:cement ratio, specimen age and rate of 
application of load is shown in Figs. 17 and 18. These results relate to
t
specimens of identical dimensions and so is directly proportional to P,
»
i.e. for these specimens is simply a measure of the failure load. The 
change in strength with time and with water:cement ratio can be explained 
in terms of the increasing degree of hydration and the decrease in the 
quantity of unreacted water present. The variation with loading rate is a 
little more difficult to explain and was never fully investigated. On the 
basis of these graphs, it was assumed:-
i
(1) that after one month*s curing Kc is independent of curing time
»
(2) that small variations in loading rate do not significantly affect Kc 
In practice all specimens were evenly loaded at such a rate that they 
failed between a half and two minutes after the start of loading.
t
Fig.19 shows how was affected by the width of the slit cut in the
»
specimen. The only dimension varied was the width of the slit and so
\
(the calculated stress intensity factor) is once again directly proportiona 
to the failure load. The stress intensity approach assumes a slit of zero 
width and since it is impossible to cut such a slit, it is necessary to 
deduce its effect by extrapolation from slits of finite width. For wide
t
slits the failure load (and hence K ) decreased with the slit width.c
However, for slit widths below about 0.05 cms no significant change in 
failure load with slit width was detected, and it was concluded that the 
slits cut by the thin diamond impregnated saw which were about 0.03 cms 
wide were sufficiently narrow to approximate to a sharp crack. All the 
following results relate to slits cut with this saw.
The initial experiments on beams of fixed overall depth had yielded
i
a constant value of K over a wide range of slit depths. However, when
t
the overall beam depth was changed, also changed (see Fig.20). 
Alterations in the roller spacing or the specimen width alone produced no
t
change in
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In the direct tensile tests on the three sizes of specimen shown 
»
in Fig.6 , Kc once again varied with specimen size, the values obtained 
(and their standard deviation) being respectively: 0.39 0.02), 0.44
( + .02) 0.49 (+ .01) M / m 3/2.
t
Since Kq calculated from the experimental results was not a constant, 
it must be deduced that simple linear elastic fracture mechanics is not 
applicable to hardened cement paste samples of the size used in the present 
study, i.e. the zone of stress perturbation round the slit tip must not 
have been small compared with the specimen and slit sizes.
Although this means that we cannot use this analysis to estimate 
the size of the strength controlling flaws, it is still of interest to 
estimate the size of specimen required for the analysis to be applicable.
In the flexural tests, with notches between 1/6 and J of the overall
i
depth, a relatively constant value of was obtained for beams of fixed 
overall depth (Fig.20). If we plot this value as a function of overall
t
depth (Fig.21) we see that as the specimen size tends to infinity, so Kc 
appears to tend towards a limiting value. Thus tests on large specimens 
with large slits should yield a constant value of (N.B. the slit length 
as well as the overall depth must be large). However, it is not possible 
to define any definite minimum size since the size at which it is no longer 
possible to detect an increase in this factor will be determined by the 
scatter in the experimental results and so the more carefully the experiments 
are performed, so the; larger will be the required minimum size. The 
largest beams used in the present study (60 cms long by 11 cms deep) were 
still too small for the experimental scatter to mask the change in the 
calculated stress intensity factor at failure with size.
Thus for hardened cement paste, the size of specimen convenient 
for laboratory use is too small for linear-elastic fracture mechanics 
to be applicable, i.e. the zone of stress disturbance due to inhomogeneity
or non linear-elastic behaviour in the specimens is not small compared
I
with the specimen dimensions.
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So far the results have been presented in terms of the stress
intensity factor K, a factor which tends to be rather confusing for those
unfamiliar with it. This form of presentation was necessary because most
of the slits were of such a length that they could not be considered small
in comparison with the overall depth. In such cases, the proximity of a
free edge substantially alters the stress field around the slit from that
which would occur in an infinitely large body. It was considered useful
to deduce the relationship between strength and slit length which would be
obtained for slits in an infinitely large body. In theory, slits of
constant size can be introduced into larger and larger specimens, and their
effect on the strength examined. Then from the trend of the results it
should be possible to deduce the effect that a slit of this size would have
in an infinitely large body.
It is necessary to consider first how to define the strength of a
body containing a flaw. In a simple tensile test the load at which a
specimen fails is measured and the strength is the applied stress at
failure i.e. the load divided by the cross-sectional area. However, the
relevant cross-sectional area may be either the total area which gives the
gross section stress a or alternatively the flaw area may be subtracted
g
from the total area, giving the net section stress When the flaw size
is insignificant compared to the specimen dimensions, this problem disappears
since a = a and it is possible to refer simp?y to the applied stress a. 
n g
For the various size of flexural specimens tested, ^  and cr^  at
failure were plotted against slit length (Fig.22). As the specimen depth
increases relative to the slit size, o and tend towards the same value,n g
approaching it from different directions and it is possible to deduce the 
relationship between a and slit length which would be obtained for slits 
in an infinitely large body. This deduced relationship is shown by the 
solid line in Fig.22.
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As discussed previously Kc appears to tend towards a constant
limiting value for large specimens with large slits, and from Fig.21
2we may estimate this value to be about 0.8 MN/m . Fig.23 compares the
empirical relationship deduced in Fig.22 with that predicted by fracture
o
mechanics (a /ira = K =0.8 MN/m ) and shows that for small slits there isc
a wide discrepancy between the two curves which reduces as the slit length 
increases. We may once again conclude that, although linear elastic 
fracture mechanics may be a good approximation for large slits, for the size 
of slits used in the present study it is inaccurate i.e. the zone of stress 
perturbation around the slit tip is not small compared with the slit length 
The empirical relationship between strength and slit size (deduced 
for the case where the slit length is small compared with the specimen 
dimensions) is fitted within the limits of experimental uncertainty by an 
expression:
a = (1 + A /a )    (1)c
2
The solid line in Figs. 22 and 23 is of this form with oQ = 15 MN/m and 
-i
A = 28 IQ 2.
A similar expression may be derived by considering the classic case
of a flaw with tip radius r in a large linear elastic body (see Fig. 2*0.
(414.)
The maximum stress occurs at the flaw tip and is given by
o =0(1 + 2 /5)   (2)max / r
If we assume that failure occurs when c increases to a critical valuemax
a , the ultimate cohesive strength of the material, then we have a failure c
criterion:
o = o (1 + 2 fe)   (3)
c / r
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which is identical to equation (1) with A = r- 1,e* r = ^.5 cms.
/r
This suggests that we may characterise the effect of slits in hardened 
cement paste by saying that they have the same ’strength reducing effect1 
as would be produced in a linear elastic body by flaws of similar length 
but with tip radius 0.5 cms. However, this analogy, though a useful way 
of describing the sensitivity of the material to sharp flaws, is of little
practical use in understanding the fracture process. The value of 0.5 cms
. v
for the effective radius of curvature probably has no significance as a 
length in the specimen. The fact that it is considerably larger than the 
actual radius of curvature (0.015 cms) simply suggests that slits in 
hardened cement paste do not concentrate stress nearly as much as would the 
equivalent slits in a homogeneous linear elastic body.
Equation (1), the empirical relationship between strength and slit
olength predicts a value of 15 MN/m for the ultimate cohesive strength
in the absence of flaws. The greatest strength obtained in direct tensile
2
tests on unnotched specimens was 12.5 MN/m which is consistent with an
2ultimate strength of 15 M / m  . In the flexural tests on unnotched beams,
2
although most specimens failed at a modulus of rupture below 15 M / m  ,
2a few showed greater strengths up to 19 MN/m . This is however not
2
inconsistent with an ultimate tensile strength of 15 M / m  since the 
modulus of rupture is calculated from the applied bending moment and gives 
the maximum tensile stress which would occur if the material behaved in 
a perfectly linear elastic manner. A slight deviation from linearity at
high stress levels would be sufficient to produce a modulus of rupture of
2 2 19 M / m  without the actual stress in the body exceeding 15 M / m  , and
although no non-linearity was detected in direct tensile tests up to the
highest strength achieved (12.5 M / m  ) it does not seem inconceivable
that some non-linearity may occur at higher stresses.
The strength of the unnotched flexural specimens appeared to be
determined by the size of the largest air bubble present on the tensile
surface. Examination of Fig,15 shows that the experimental scatter was
significantly greater in the case of unnotched specimens (zero slit length)
than for those containing slits. Those specimens which failed at low loads
had either a large (^ 2 mm) or two closely spaced air bubbles present on
the intersection of the fracture and tensile surfaces. Similarly
examination of the fracture surface of unnotched direct tensile specimens
showed that a low failure load was associated with the presence of a large
air bubble. It was possible to reduce the size and quantity of air
bubbles present by placing the freshly mixed cement paste in an airtight
box and vibrating it under vacuum for about one minute. This reduced the
maximum size of air bubble present from about 2 mm to about 0.5 mm and
produced a small but significant increase in the average unnotched
2 2strength (from 13 M / m  to 17 MN/m for the flexural specimens and from 
2 28 M / m  to 11 MN/m for the direct tensile specimens). This increase in
strength was not due to an inadvertent lowering of the water-cement ratio
since no change in the weight of the specimen occurred during the time
the specimen was under vacuum.
These results suggest that, for unnotched specimers, the inherent
flaws governing the strength are air bubbles. Provided the predicted
ultimate strength is correct, these flaws only result in a small reduction
of strength and even a sharp slit of length one centimetre only reduces
2 2the strength by a factor of about four (from 15 MN/m to 4- M / m  ). This 
is in contrast to materials like glass in which flaws only a fraction 
of a millimetre long can reduce the strength by a factor of 100, and it 
is therefore concluded that hardened cement paste is a relatively notch 
insensitive material.
Since the deduced ultimate strength and the observed unnotched 
strength are similar it would appear that the inherent flaws do not lead to 
a significant reduction in strength, which suggests that there is no chance 
of producing large increases in strength by reducing the size of the flaws 
present, as has been done with other materials.
4.2 Mechanical Testing of Mortars
A small number of tests on mortars showed that the addition of sand 
*
made the variation of Ke with specimen size even more pronounced, increasing 
as the size of the sand increased, and comparison with the hardened cement 
paste results suggested that ridiculously large specimens of concrete 
would be required for linear elastic fracture mechanics to be applicable.
The effect of addition of sand on the unnotched strength was also 
investigated. Sand of fixed particle size produced a decrease in strength 
below that of the unfilled cement paste, and this decrease was independent 
of the quantity of sand added (Fig.25) (provided the mix remained workable). 
The reduction in strength was dependent on the size of the sand particles 
(Fig.26). It would appear that the strength of mortars is reduced by the 
stress concentration around sand particles, the stress concentration 
depending on the sand size. The presence of a single sand particle on the 
tensile face is presumably sufficient to produce the reduction in strength.
Thus, although hardened cement paste is a relatively notch insensitive 
material, the addition off’flaws’ in the form of sand particles does result
in some decrease in strength, the reduction in strength depending on the
\
size but not the number of the flaws present. This may well be of some 
importance in the testing of concrete since it suggests that in the absence 
of any other variable, the measured strength will be determined by the size, 
and possibly the shape of the largest aggregate particle present, and this 
may partly account for the large scatter normally observed on tests of 
this material.
4.3 Optical Microscopy
Simple reflected light microscopy shows jip no significant morphological 
features in hardened cement paste. The use of polarised light and a crossed 
analyser introduces some contrast and shows up black particles which vary 
appreciably in size up to about 75y. Since under polarised light the 
particles in dry unhydrated cement appear completely black, it is considered 
that these black particles are the unhydrated remains of the original cement.
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Their spacing and size are consistent with this view. It proved difficult 
to pick out any further significant features even after staining and 
etching and little information concerning the morphology of the hardened 
cement gel was obtained from optical microscopy* This is consistent with
(115)
the results of previous investigators *
As mentioned before, attempts to observe crack growth prior to complete 
fracture using normal optical microscopy techniques were unsuccessful and a new
diffuse illumination«dpticdl microscopy technique' was developed which enabled 
very fine cracks in the material to be detected.
Plate 2 shows a sequence of photomicrographs obtained using wedge 
loading and the diffuse illumination technique. The wedge loading was 
applied slowly and at first no microstructural changes were detected. Then 
cracking occurred abruptly and increased in discrete jumps with subsequent 
increase in stress. The photomicrographs show the specimen after each of 
these discrete jumps.
Plate 2a was taken before the specimen was stressed. The incident 
illumination was centred on the top left hand corner of the area shown and 
at the left hand side can be seen the tip of the slit. The main structural 
features are the black particles, the unhydrated remains of the original 
cement particles.
Plate 2b shows the same area after the specimen had been stressed and 
it is possible to pick out a crack which has opened up just ahead of the 
slit tip. This crack would appear to be about lOOy long and there was no 
evidence of other cracks elsewhere in the specimen.
A further increase in stress (Plate 2c) produced a three-fold increase 
in the length of this crack. The cracks shown in Plates 2b and 2c appear to 
be just within the resolving power of the technique and do not show up very 
well in these photomicrographs. They were slightly more easily seen when 
viewed directly in the microscope.
However, following a further increment in stress (Plate 2d) the 
cracking became much more distinct and extensive. At this stage, a number
Plate 2a. Wedge loaded specimen before the application of stress
Plate 2b. Wedge loaded specimen
Plate 2c. Wedge loaded 'specimen
Plate 2d. Wedge loaded specimen
Plate 3. Wedge loaded specimen after fracture (direct illumination)
Plate 4. Equivalent picture to 2d. but with direct
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of cracks can clearly be seen, running roughly parallel to each other 
and in many cases obviously unconnected e.g. the two cracks marked A and 
B overlap and have obviously initiated at different points in the specimen.
After another increment in stress, further cracking is observed 
(Plate 2e) similar to that in the previous micrograph. Then following yet 
another increment in stress, the specimen abruptly fractured. The line of
fracture is shown in Plate 3 which is a normal direct illumination micrograph.
Comparison of Plate 3 with Plate 2e shows that the final fracture 
follows closely the path of the cracking and it can be deduced that the 
fracture surface is formed by the coalescence of the cracks. However, the 
cracks do not join up perfectly and a significant length (about 25%) of 
the cracking observed does not contribute to the fracture surface.
Plate ^ is a normal direct illumination micrograph of the specimen 
under the same stress as in Plate 2d, but at double the magnification and 
emphasizes the power of the diffuse illumination technique, since even, at 
this higher magnification there is no obvious sign of cracking.
Plate 5 is a highly magnified view of the crack marked D in Plate 2e 
and suggests that the crack is not in fact a single crack but a line of 
discrete micro-cracks, e.g. at the point marked E two of these micro­
cracks would appear to partially overlap.
Plate 6 is typical of the observations made of beams stressed in 
three point bending. Plate 6a shows the specimen before stressing and 
Plate 6b shows the same area under a loading equal to 95% of the final 
fracture load. The tip of the slit (which was 1.5 cms long) can be seen 
at the left hand edge of Plate 6b. With this specimen configuration, 
cracking was only detected at stresses greater than 90% of the final
fracture load and normally increasing the load further resulted in complete
fracture of the body before any increase in cracking could be observed.
Several of the specimens loaded in this manner fractured without any 
cracking being detected. In this context it was found to be desirable
Plate 5. High magnification photomicrograph 
of crack marked D. in Plate 2 e .
Plate 6a. Bend specimen before the application of stress
Plate 6b. Bend specimen stressed to 95% of the final fracture load
to work with specimens with long slits. A series of specimens with slit 
length 0.3 cms showed no crack growth prior to failure while in a series 
with slit length 1.5 cms, 75% showed some stable cracking. It was also 
quite common for complete fracture to suddenly occur while the initial 
cracking was being observed; the fracture occurring too rapidly for the 
eye to detect any intermediate stage between the metastable cracking and 
the complete fracture. This sudden fracture could take place as much as 
twenty minutes after the last change in applied load.
Although substantially less cracking was detected prior to failure 
in the bend specimens, the general features of the cracks observed were 
similar to those in the wedge loaded specimens. Careful examination of the 
1 crack* emanating from the slit tip (See Plate 6b) once again suggests it 
to be composed of discrete micro-cracks. However, with this method of 
loading it is rare to observe cracks which are as obviously disconnected 
as those in Plates 2d and 2e.
In the wedge loaded specimens cracking was detected at low loads and 
its extent increased with the loading on the wedge. However, xvith the bend 
specimens, a small increase in load above that required to produce detectable 
cracking resulted in complete fracture. The stability of the crack growth 
in the wedge loaded specimens is attributed to the forces acting on the 
specimen at its point of contact with the base-plate. These reactive forces 
oppose the tendency of the wedge to induce cracking at the slit tip and it 
seems probable that the opening up of a crack substantially reduces the 
stress in the region around it. Obviously due to the complexity of the 
forces acting on the body there is no simple relationship between the loading 
on the wedge and the stresses tending to cause cracking at the slit tip, 
and so care must be taken in interpreting these wedge loading micrographs.
It cannot be assumed that the stress around the slit tip increases with 
the loading on the wedge, and the mode observed may not be typical of normal 
failures. However, wedge loading does provide a convenient method of 
producing controlled cracking.
With three point bending, although it was difficult to obtain 
controlled crack growth, the forces acting were accurately known and it 
could be assumed that increasing the loading increased the stresses at 
the slit tip. A small water-proof load cell was used to measure this 
loading. This load cell was extremely 'soft1 and no relaxation in load 
was detected either with time, or in connection with the appearance of 
micro-cracks, as might occur with a 'hard1 loading system.
Some additional observations may be of importance in understanding 
the fracture process. The black unhydrated cement particles are a 
significant feature in the microstructure. Study of micrographs taken 
following complete fracture shows that it is extremely rare to observe 
fracture of one of these particles and the fracture path almost invariably 
skirts around them.
Finally, in the wedge loaded specimen, the tortuosity of the fracture 
path can be attributed to the fact that the cracks which coalesced to form 
it did not lie on a perfectly straight line and it may similarly be 
possible to attribute some of the tortuosity of the individual cracks to 
the fact that they are composed of smaller micro-cracks. However, even 
these micro-cracks appear to follow a comparatively tortuous path in places,
presumably reflecting the fine scale structure of the cement gel.
These photomicrographs have shown for the first time that stable 
cracks occur in stressed samples of hardened cement paste prior to 
complete failure and these cracks appear to be composed of smaller micro-cracks.
They have also shown the unhydrated remains of the original cement 
particles to be relatively very strong, since a crack which approaches one 
of these particles either stops or else skirts round it. This is hardly 
surprising when we consider that the strength of the original cement 
clinker is expected to be similar to that of other anhydrous silicate
m a t e r i a l s\ i.e. much greater than that of hardened cement paste.
The existence of micro-cracks might be expected when taking into
account the processes involved in the hydration of cement. The cement
gel forms around, grows out from and partially replaces ttie original
cement. In the latter stages hydration continues at a very slow rate,
and it seems probable that there will exist, between the original cement
(47)
particles, local regions with a high proportion of unreacted water
These regions would be expected to be weak and form points of initiation
/
for micro-cracks. A micro-crack originating in such a region would grow 
until it encountered a stronger region containing a higher density of hydrated 
material-, whereupon it would stop and a second micro-crack would probably 
open up in another weak region slightly ahead of the first. If further 
stress then induced growth and coalescence of a series of such micro­
cracks, the resulting crack would be composed of discrete micro-cracks, 
which is what in fact we observe (Plate 5).
As mentioned in Section 3,3.3, attempts were made to study the 
changes occurring as cement hydrates. The results obtained by observing 
the changes in morphology with time, proved difficult to interpret.
However, a limited amount of success was achieved using one rather 
specialised technique. Since normally the close packing and spread in 
size of the original cement particles is not conducive to optical observation, 
a sized fraction of the original cement (10-5Oy) and a considerable excess 
of water were used, so that the original particles were individually 
discernable. The sized fraction was prepared by sieving out those particles 
larger than 50y, and then the smaller particles were removed by repeated 
sedimentation in isopropyl alcohol. A mixture of these particles and 
water (3.0 water:cement ratio) was placed between a glass slide and a cover 
slip which were pressed gently together until they were separated by only 
a single layer of particles and a seal of rapid hardening epoxy resin was 
applied. The hydration of a selected area was then studied over a period 
of several week?.
The aqueous solution surrounding the particles is transparent and
unpolarised transmitted light was used since it showed up most detail. A
typical set of observations is shown in Plate 7. The transparent
aqueous liquid contrasts strongly with the cement particles which are
opaque. After about ten hours, the growth of crystals is discerned.
These crystals have regular sides and unlike the aqueous solution are
optically active i.e. they rotate the plane of polarisation of light and
show up as bright under crossed polarisers. These crystals which grow in
size up to about 200p, in the process engulfing any particles in their
(38 )
path are almost certainly mainly calcium hydroxide
Little change in size of the original cement particles is noted, It 
has been estimated elsewhere that hydration of cement grains only proceeds
(48)
to a depth of 6-9y in five months . However, the edges of these 
particles become less sharply defined as hydration proceeds so that at 
latter stages they appear constantly out of focus. The specimen becomes 
less translucent with time and this was initially ascribed to the 
formation of a hydrated gel in the aqueous region. However, due to the 
alkaline nature of this aqueous region, the glass slide and cover slip are 
attacked and examination of these showed that they in fact became slightly 
opaque and this may have been the reason for the decrease in translucency 
of the specimen. Although this point could have been resolved by repeating 
the experiment with a protective barrier between the cement and the glass, 
lack of time prevented further investigation.
After about a month, the specimens were broken open and the hardened 
cement paste studied in the scanning electron microscope.
4-.4 Scanning Electron Microscopy
Examination of the low water:cement ratio specimens used in the 
mechanical testing part of the investigation proved relatively unrewarding, 
in that no distinctive morphological features were apparent. A specimen 
whose surface had been polished on "wet and dryi! paper is shown in 
Plate 8 and appears as an amorphous mass interspersed by cracks caused
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by the sample drying out in the microscope vacuum. The fracture surface 
of a broken specimen is shown in Plate 9. The unevenness and tortuousity 
of this surface must reflect the inhomogeneity of the material. However, 
this inhomogeneity is not obvious in the micrographs which do not show up 
any significantly contrasting regions. The cracks are once again almost 
certainly due to drying out and not attributable to damage caused during 
fracture, since optical microscopy detected cracking after the specimen 
had been in the election microscope, but not before.
The high water:cement ratio specimens used to study the hydration 
process proved much more photogenic. Masses of fibres are observed 
growing out from each of the original cement grains (plate 1 0 ) and scattered 
among these grains are regular smooth sided platelets (presumably CaOH).
One of these platelets may be seen in the top left of plate 1 0 .
The striking differences between the low and high water cement ratio 
specimens may be attributed to the variation in the spacing of the original 
cement grains. In the one case there is ample room for growth and the long 
fibrous crystals can grow unhindered. However, in the low water:cement 
ratio specimens, the close proximity of other particles means that the 
growth from one particle very soon runs into that from an adjacent particle 
and further hydration products must then fill in the space between the fibres, 
in the process obscuring them.
4.5 Transmission Electron Microscopy
(49)Several thin specimens were prepared by ion beam thinning and 
examined in the Transmission Electron Microscope. No obvious morphological 
features were apparent. Several areas gave single crystal diffraction patterns 
whose spacing matched that of calcium hydroxide. This is consistent with the 
earlier assumption that the crystals observed using light microscopy, were 
calcium hydroxide.
Because of the difficulty of preparing specimens, tl'.e risk of 
dehydration, the chances of a sampling error and the probability of
PLAT E. 10
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preferential thinning by the ion beam, together with the initial 
unencouraging results, this line of enquiry was not pursued in any great 
depth.
CHAPTER 5 A MODEL FOR FAILURE
Various models were considered in an attempt to explain the mechanical 
testing results in terms of the physical properties of the material. The 
inapplicability of linear-elastic fracture mechanics meant that either 
there existed, around the slit tip, a region in which the material did not 
behave in an ideal linear elastic manner or else the scale of inhomogeneity 
of the material was large'compared with the slit length.
An analysis by Neuber^^ suggests that the inhomogeneity may be 
allowed for by considering a sharp flaw to have an effective radius of 
curvature of twice the scale of the structural inhomogeneity. Since the 
effective radius of curvature of the slits was found to be 0.5 cms this 
suggests a scale of inhomogeneity of 0.25 cms. This is, however, an order 
of magnitude greater than that estimated by optical and scanning electron 
microscopy, and it seems improbable that a material which is inhomogeneous 
on this scale would produce results as reproducible as those reported in 
Fig.15. where failure occurred due to the presence of slits less than
0.5 cms long.
It would appear more probable that the explanation lies in non
linear-elastic behaviour. In the case of metals, plastic flow often
significantly distorts the stress field around cracks. While it appears
unlikely that plastic flow as such (involving the movement of dislocations)
occurs in hardened cement paste, it does not seem unreasonable to suggest
that the stress-strain curve might be non-linear. It is a well documented
f a c t ^ ^  that mortars and concretes exhibit non-linear effects at low
stresses. However, in spite of the considerable amount of effort put into
developing a tensile test and producing specimens as flaw-free as possible,
no non-linearity in the stress-strain curve was detected up to the highest
strength achieved (12.3 MN/m ) and it is deduced that any non-linearity
2
occurring requires stress in excess of 12.3 MN/m ,
45.
(25)
It has been suggested that the high stresses round the tip of 
a notch might result in the production of a zone of micro-cracking round 
the notch tip. Such a zone might well have an effect similar to a plastic 
zone in relieving the stress concentration due to the notch and this must 
be considered as a possibility. However, the micro-cracking shown up by 
diffuse illumination advances in a line ahead of the ’’cut in;i slit, not as 
a zone around its tip. Although it is of course not possible on micro- 
structural grounds to rule out completely the existence of such a zone 
(since the micro-cracks might be on such a small scale as to be 
unresolvable using this technique), the evidence suggests that this
model is improbable and lends support to a 'tied crack*
, ,(51) model
Such a model postulates that the initial crack growth from a slit 
is tied i.e. there exists a residual attractive force between the two faces 
of the newly formed crack. This would be produced if particles bridged 
across the two new surfaces, for example failure may occur by slip of 
calcium silicate hydrate platelets past each other as suggested diagramatically 
in Fig.27. The credibility of such a failure mode is supported by Plate 10, 
a scanning electron micrograph of a hardened cement paste sample (water: 
cement ratio 3:1) which shows a mass of interlocking fibres growing out 
from the original cement grains. While it must be admitted that such fibres 
grow best in mixes of high water: cement ratio containing unrestrained areas 
for growth and are not normally distinguishable in the low water: cement 
ratio specimens tested in the present investigations, it seems plausible 
to suggest that these specimens contain similar interlocking particles 
which are difficult to distinguish because of their close packing.
If there exists a residual attractive force between the two faces 
of the newly formed crack, then catastrophic failure need not occur 
immediately the initial flaw starts to increase in size. A stable ’tied’ 
crack can grow ahead of the original flaw. Catastrophic failure will
FI
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only occur when the stress increases to a value such that it is 
energetically more favourable for the body to completely fracture than 
for further stable crack growth to take place.
Calculation of the load at which catastrophic fracture will occur 
is not easy, especially in the absence of any detailed knowledge of the way 
in which the attractive force between the two faces of thO newly formed 
crack varies with their separation. However a simple analysis enables a 
rough estimate of the forces and distances involved to be made.
This analysis was originally suggested by the well known Dugdale
(52)treatment of plastic flow in metals . Consider the case of a crack 
in a large homogeneous linear-elastic body which is subject to an 
externally applied tensile stress o (see Fig.28). The ends of this 
crack are acted on by a uniform stress a which tends to close up the 
crack. This is equivalent to a "cut in” slit with a tied crack emanating 
from each end. The slit has length 2a i.e. corresponds to that portion 
over which no attractive force acts and the tied crack corresponds to 
that length s at the end of the slit over which the stress a acts. We 
have assumed that the attraction between the two ’tied’ faces has a uniform 
value a irrespective of their separation. In practice the residual 
attractive stress must drop to zero at large crack separations; therefore to 
make our treatment more realistic we assume that the attractive stress has 
a value, <jy, for crack separations less than a critical separation, 6c , 
and a value of zero for separations greater than 6c.
This assumption provides us with a criterion for failure, since 
catastrophic failure will occur when the separation of the two faces of 
the tied crack exceeds 6c , since then the two faces are no longer ’tied’.
It is possible to calculate the applied stress at which this separation 
increases to 6 using the normal mathematical methods of stress and
V
strain analysis. The situation shown in Fig.28 has been treated by
(53)Burdekin and Stone who, using suitable Westergaard stress functions
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(see Appendix) showed that the length over which the stress a acts 
(the ftiedf crack) must increase as the applied stress increases in 
order to avoid the introduction of infinitely large stresses. They further 
showed that the crack opening displacement at the junction of the tied 
crack and the slit is given by:
« = 8 °y a -—  In sec
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Unstable fracture will occur when 6 increases to the critical 
value 6 c beyond which no attractive stress exists i.e. our fracture 
criterion is
x _ 8 a a -o = y In secc ---*—
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There are two unknown quantities in this equation, and
The best fit between this model and the experimental results (obtained
2
by testing specimens containing slits) was produced by putting a = 12 MN/m
and Sc = Ip (see Fig.29). The experimental curve comes from Fig.23. The
fit although by no means perfect is as good as might be expected from
such a simple analysis.
The tied crack model postulates a plausible failure mechanism and
this simple analysis provides an estimate of the stresses and displacements
required to explain the mechanical testing results. It now remains to
consider how realistic are the predicted stresses and distances, and how
consistent this model is with the other properties of the material.
We have previously deduced the ultimate tensile strength to be 
2
about 15 MN/m . It seems probable that the residual stress as the
platelets slip past one another is slightly less than this value which is
the stress required to initially start them slipping. Thus the value of 
2
12 MN/m for a , the residual stress seems reasonable.
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The critical separation (ly) is around the normally estimated 
value for the length of the calcium silicate hydrate platelets* This is 
consistent with the idea that the residual stress disappears when the 
platelets no longer bridge across the crack. The only direct evidence 
which enables an estimate of the critical separation to be made is the 
stable cracks shown up ahead of the slit tip by diffuse illumination 
optical microscopy. These cracks were only observed at loads very close 
to the failure load, and it can be assumed that their width is equal to the 
critical separation. A simple interpretation might then suggest that ly 
is a very good estimate since these cracks are shown up by diffuse illumin­
ation (theoretical resolution ^ y ) and not by direct illumination 
(theoretical resolution M.y)* However, more careful consideration of the 
problem suggests that platelets bridging across a crack will tend to 
obscure it from normal direct illumination microscopy so that cracks 
several microns in width might not be shown up. However, it does seem 
probable that a critical crack separation of this order is realistic.
In practice the residual attractive stress must be expected to vary 
with the crack separation. Therefore several simple relationships were 
considered in which the attractive stress decreased with the crack 
separation. However, in each case calculation of the expected failure 
stress was abandoned when the mathematics became too daunting. Determination 
of the crack opening displacement (6 ) involves the integration of the 
appropriate Westergaard stress functions and these functions become 
rather complex when o is a function of 6 . Although it should be possible 
to accurately fit the experimental results by means of a model in which 
the residual stress varies with the crack separation, in the absence of any 
direct method of measuring this relationship, the complex mathematics 
involved was not considered to be justifiable.
The stresses and distances predicted by the simple analysis appear 
to be reasonable lending credence to the tied crack model.
This model also accounts for the fact that the fracture energy 
(the energy required to separate two surfaces) is many times greater than 
the theoretical surface energy, extra energy being dissipated frictionally 
as the platelets slip past each other.
One would expect with a "pull out" mode of fracture to see on the fracture 
surface the ends of platelets which had pulled out. The expected appearance 
may be imagined from the schematic diagram (Fig.27). Such features are 
observed in scanning electron micrographs of fracture surfaces with a high 
water: cement ratio but were never evident in fractographs of the 0.3 water: 
cement ratio samples used in the present study. It is believed that Fig.10 
which shows a mass of interlocking fibres growing out from the original 
cement grains, although seemingly producing striking evidence for the 
possibility of a tied, crack model, is perhaps a little misleading when 
attempting to picture the morphology of specimens with low water: cement 
ratio. The calcium silicate hydrate platelets are normally considered to 
be flat plates, characteristic dimensions 40 x 400 x 1200 X. The fibres 
observed in Plate 10 are probably plates which have rolled up in a ’scroll* 
like manner. The length of these fibres (tens of microns) is longer than the 
normally accepted w l u e  which is probably due to their growing -unrestrained 
by neighbouring particles. In the crowded conditions existing in the low 
water: cement ratio specimens, these platelets are likely to remain flat 
and be much shorter in length and so we might expect the surfaces after 
fracture to appear as sketched in Fig.30. Here the spacing between the 
platelets would be of the order of 4o8 (far below the resolution of the 
scanning electron microscope for this material) and so one would not expect 
to resolve the pulled out platelets. It is felt that the absence of any 
observable pull out with the low water: cement ratio specimens does not 
preclude the feasibility of the proposed tied crack model for failure.
Thus the tied crack model, in the absence of any evidence to discredit
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it, provides a useful working hypothesis to suggest further lines of 
enquiry. In particular since we have earlier concluded that no significant 
increase in strength can be achieved by removing the inherent flaws, we 
must consider how we can alter the hardened cement paste structure in order 
to achieve an increase in strength. If failure in fact occurs by the 
pulling apart of interlocking platelets it might well be possible to increase 
the strength by increasing the length of platelets present, since long 
platelets would presumably be harder to pull apart than short ones.
CHAPTER 6 CONCLUSIONS
1. Tests on notched specimens of hardened cement paste failed to produce 
a single constant value of stress intensity factor at failure, and it 
appears that linear-elastic fracture mechanics and the concept of fracture 
toughness are not readily applicable to laboratory sized specimens of this 
material.
2. Flexural tests on notched specimens of fixed overall depth do however 
produce a constant value for the stress intensity factor at failure over
a wide range of slit depths, which is why several previous investigators have 
erroneously concluded that linear-elastic fracture mechanics is applicable.
3. The experimental results suggest that hardened cement paste is a 
relatively notch insensitive material whose strength is not greatly reduced 
by the flaws normally present. There is no possibility, therefore, of 
achieving any significant increase in strength by reducing the size of the 
inherent flaws.
H. A new diffuse illumination optical microscopy technique has been
developed which has for the first time shown up the presence of stress induced 
micro-cracks in hardened cement paste.
5. A tied crack model for failure has been proposed. This model is
consistent with the microstructural observations and can account semi- 
quantitatively for the experimental results obtained by testing notched 
specimens to failure.
6.1 Suggestions for further work
The results of this investigation indicate that the low tensile
strength of hardened cement paste and concrete is an inherent property and
not primarily due to the presence of flaws. The proposed model for
failure suggests that the strength is determined by the stress required
for microscopic platelets to slide past one another.
There is a need how to investigate more carefully the failure
mechanism. This would involve detailed study of the microstructure at
high resolution (scanning and transmission electron microscopy). Such
studies should lead to a more detailed understanding of how the cement
gel parts , and direct evidence could be sought for the pulling apart of
platelets. Hopefully, alterations in the microstructure (which could be
(54)produced by varying the original cement or curing conditions ) could 
be directly related to changes in the macroscopic properties, with the 
ultimate aim of optimising these properties.
APPENDIX
(Derivation of crack opening displacement relationship) 
The Westergaard type stress functions.
The following relationships are employed in the use of a function 
of a complex variable as a stress function in the Westergaard method.
If Z is a function of the complex variable z = x + iy then
Z = Z(z) s ReZ + ilmZ (1)
The functions Z f and Z are the derivative and first integral of Z
\
so that
Z- = §  and Z  = §  (2)
For a restricted group of cases:
ax = ReZ - ylmZ' (3)
0^ = ReZ + ylmZ* (4)
Txy = -yReZ*
The above equations (3) - (5) show the limitations of this type of 
solution which requires that ax = and x ^  = 0 at y = 0. Using these 
equations together with the usual elasticity relations the displacement 
in the y direction may be shown to be
Plane stress n = ~  {2ImZ - y(l+v)ReZ) (6 )
Plane strain n = ^  (2(1 - v^)ImZ - y (1+v) ReZ}(7)
Analysis of crack opening displacement and overall strain for a
notched sheet in tension.
The case of a crack length 2a^, in an infinite sheet surrounded by 
a purely elastic stress field, under uniform biaxial applied stress, a, 
is given by the Westergaard type stress function:
z = — 25--- (8)
/3 2vz - a.
and this can be reduced to the case of uniaxial tensile loading by the 
superposition of an applied stress -a in the x-direction.
The elastic stress function for a pair of splitting forces of 
magnitude cr^  at x = + b within a crack of length 2a^ is:
2a z A  2 - b2
Z =  S ±._-...  (9 )
t 2 ,2 v f~2 2ir(z -b ) vz -a^
so that the stress function for the series of tensile forces representing
the tied zone of the real crack is given by:
ra.
Z =
^ / 2 2 
2a, z va - b^ 
b 1_______
Trv42 - a^C z 2 - b2)
db (1 0 )
This leads on integration to:
2a lz2 - a 2
z = { . Z c°s-1(f )- cot~l (f/Z 2 , a*2 (11)
* 1 3 1 ~
The stress functions (8 ) and (11) may be combined in any required 
proportion to form the final stress function. This proportion is determined 
by the requirement that no stresses exist in excess of a a n d  this 
determination gives the relationship between the real crack length, a,
and the extent of the crack plus the tied zone, a^.
The total stress function is given by the summation of the two 
individual stress functions given in equations (8 ) and (1 1 ).
The stress in the y direction along the x-axis is given by
a - ReZy
and thus it can be seen that to avoid an infinite value of a as x -> 
the first two terms in the equation for the total stress function must 
cancel,
a 2 -1 ra ^
i.e. —  . s. —  cos I—  J
y i
or k = = cos (|^ ) (1 2 )
1 y
In terms of the A.S.T.M. treatment of fracture mechanics this may 
be regarded as equating the stress intensity factors produced by the two 
individual applied stress systems.
Where the stress intensity factor, K, is defined as
K = Lim /2ft (z-a^)Z(z) 
z+ai
This leaves . t'l(0) = „
y ir y
Rewriting the total stress function incorporating the condition of 
equation (1 2 ) gives
2a . , /z2 - a 2
z - _Jt cot- J _ _  } (13)
therefore
DO.
z =
2a
{z0 
IT 1 a02>
(14)
where
cot 6 .
and cot 0,
,2 a 2 'z - a^
*2 2 
ai " a
In determining displacements, the expression ImZ will be required. 
This may be shown to be:
~  . 2 2
-i i I al ~ 2
ImZ = — £  {ka Coth f—  J -- r—) - z coth
1 Si i - k2 J
-1 k 
z 
*1
2 2 
al ~ 2
1 - k2
}
12.1 i* (15)
Displacements in the y-direction at the point (a,0 ), i.e. the crack 
opening displacement of the real crack.
For plane stress condition at y=0, equation (6 ) reduces to:
D = g ImZ
therefore
4a
n = coth
•1,1 la1 - z '
( a l j l - k 2
-) - . coth- 1 (I p L ^ L  ) ,
therefore
C.0.D.6 = Lim 2ri/ _q \
z->-a
8a a
JL.
irE
C.0.D.6 = — —  In sec ^  0tt a -1
J °yJ
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